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Flowering plants often have specific floral cues, which allow bees and other pollinators to differentiate between them. Many bee species
exhibit specialised associations with flowers (oligolecty) and it is important for them to find and recognise their specific host plants. In this study
we compared the visual and olfactory floral cues of different Echium and Pontechium (Boraginaceae) species with the closely related Anchusa
officinalis (Boraginaceae). We tested whether plant-specific cues occur in Echium and Pontechium which may allow oligolectic Hoplitis adunca
(Megachilidae) to recognise its host plants and to distinguish them from Anchusa non-hosts. Our investigations showed that Echium/Pontechium
provides a specific scent bouquet. Furthermore, we identified compounds which were not described as floral scent before ((Z)-3-nonenal and 1,4-
benzoquinone). These unique volatiles and the specific bouquet could act as a recognition cue for H. adunca. The corolla colours differed between
all species, but were grouped together in the bee colour categories blue and UV-blue and can indicate potential host flowers for H. adunca.
© 2010 SAAB. Published by Elsevier B.V. All rights reserved.
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Bees rely mainly on floral products, such as pollen and
nectar, for their own nutrition, and to provide their offspring
with food. In certain geographic locations more than 60% of
solitary species exhibit specialised associations with flowers
(Michener, 2007; O`Toole and Raw, 1991; Westrich, 1989).
Flower specialisation (oligolecty) in bees is most pronounced
amongst species in which pollen is a main component of the
larval food. Specialised bees restrict pollen gathering to plants
within a family, genus or a single plant species (Cane and Sipes,
2006; Müller and Kuhlmann, 2008; Robertson, 1925). There-
fore, it is important for their reproduction to find and recognise
their specific host plants.
Flowering plants often have specific floral cues, which allow
bees to differentiate between various species (Dobson, 1987;
Dobson and Bergström, 2000; Raguso, 2008; Von Aufsess,⁎ Corresponding author. Tel.: +49 921 552466; fax: +49 921 552786.
E-mail address: stefan.doetterl@uni-bayreuth.de (S. Dötterl).
0254-6299/$ - see front matter © 2010 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2010.08.0031960; Von Frisch, 1923). In host–plant recognition by
oligolectic bees, floral volatiles seem to be important cues.
Chelostoma florisomne (Megachilidae) recognises its host plant
Ranunculus acris on the basis of pollen volatiles and more
specifically on its major component, protoanemonin (Dobson
and Bergström, 2000). Another oligolectic bee species,
Andrena vaga (Andrenidae), is attracted by 1,4-dimethoxyben-
zene, a floral scent compound of Salix host plants (Dötterl et al.,
2005a). However, on close examination the two described
volatiles also occur in non-hosts, which are not visited by the
specialised bees to collect pollen, and the chemical basis for
host–plant finding is not completely understood. Other cues,
such as floral colour, shape, a distinct bouquet of volatiles, or
compounds with low volatility also might be important (Dötterl
and Vereecken, 2010). Further, some of the compounds emitted
by non-host plants may have repellent properties and therefore
be avoided by the bees (Henning et al., 1992).
In Hoplitis adunca (=Osmia adunca) Panzer 1798 (Hyme-
noptera: Megachilidae), which is specialised on Echium and
Pontechium species (Boraginaceae), it was recently shown thatts reserved.
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vulgare L. flowers is essential for host–plant finding and
recognition (Burger et al., 2008, 2010). A combination of both
cue modalities was needed to discriminate in favour of Echium
flowers when tested against flowers of the non-host Anchusa
officinalis L. (Boraginaceae). It was shown that female bees of
H. adunca locate potential host flowers by colour cues (bee-blue
or bee-UV-blue), and subsequently recognise their host by
olfactory cues, which remained unknown.
H. adunca females are known to collect pollen from flowers
of several Echium species e.g. E. vulgare, E. plantagineum L.
and E. italicum L., but bees were also observed to collect pollen
from Pontechium maculatum (L.) Böhle & Hilger (Westrich,
1989), a species which was formally described in the genus
Echium (=E. maculatum, E. rubrum, E. russicum) (Hilger and
Böhle, 2000). We predict that the corolla of all Echium/
Pontechium species which are visited by H. adunca are bee-
blue or bee-UV-blue, although they do not all appear human-
blue (Fig. 1), and that Echium/Pontechium species provide a
specific bouquet or a few specific compounds that do not occur
in non-host plants.
In this study we used spectrophotometry and gas chroma-
tography coupled to mass spectrometry (GC–MS) to compare
the visual and olfactory floral cues of different Echium/
Pontechium species with the closely related A. officinalis
(Boraginaceae). We specifically asked whether Echium/Ponte-
chium species have specific colour or scent cues that may allow
H. adunca to recognise its host plants and to discriminate host
from non-host plants.Fig. 1. Photographs (front and side view) of E. vulgare, E. plantagineum, E. it2. Materials and methods
2.1. Plant material and volatile collection
Scent from inflorescences of E. vulgare, E. plantagineum, E.
italicum, P. maculatum, and A. officinalis was collected in the
years 2007 and 2008 using dynamic headspace methods. For
semiquantitative analyses (based on the percentage amount of
compounds) and component identification, five to nine scent
samples of each species were collected (in total 35 samples). We
additionally collected at least two samples from non-flowering
stems of each of the studied species (in total 12 samples) to
determine flower-specific compounds through comparison to
samples from inflorescences.
Scent samples from inflorescences were collected in situ
from potted plants, which were grown from seeds, or were
collected from cut inflorescences (from plants available in the
Ecological–Botanical Garden of the University of Bayreuth,
EBG), which were placed in water after cutting. For each
sample, floral scent was collected from three inflorescences (ca.
15 flowers per inflorescence). During daytime, the inflores-
cences were enclosed for 60 min within a polyethylene oven
bag (Toppits®; size: 20 cm×30 cm). After 30 min and at the
end, the emitted volatiles were trapped in an adsorbent tube for
2 min using a membrane pump (G12/01 EB, Rietschle Thomas,
Puchheim, Germany). Therefore, volatiles emitted during the
60 min period were trapped in one adsorbent tube. The flow rate
was adjusted to 200 ml/min. ChromatoProbe quartz microvials
of Varian Inc. (length: 15 mm; inner diameter: 2 mm) were usedalicum, P. maculatum and Anchusa officinalis flowers (from left to right).
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with a mixture (1:1) of 1.5 mg Tenax-TA (mesh 60–80,
Supelco) and 1.5 mg Carbotrap (mesh 20–40, Supelco). The
adsorbents were fixed in the tubes using glass wool (Dötterl and
Jürgens, 2005; Dötterl et al., 2005b). The adsorbent tubes were
stored at −20 °C until analysing them by GC–MS equipped
with an injector for thermal desorption (see below).
Additionally, some solvent samples were collected for
component identification. Therefore, volatiles were trapped
from inflorescences of E. vulgare, E. plantagineum, E. italicum,
P. maculatum and A. officinalis with the same methods
described above, but in a tube filled with 20 mg of the
adsorbent mixture and with a flow rate of 100 ml/min for a
duration of 8 h. Volatiles were eluted with 80 μl of a 9:1
mixture of pentane (99.5%, Merck) and dichloromethane
(99.8%, Merck). Eight to eleven samples of each species were
pooled and concentrated under nitrogen to a volume of 200 μl.
The solvent samples were stored at −20 °C until analysing them
by GC–MS (see below).2.2. Chemical analyses
2.2.1. Analysis of adsorbent tubes by thermal desorption
For comparison of scent bouquets and component identifi-
cation, the samples were analysed on a Varian Saturn 2000 mass
spectrometer coupled to a Varian 3800 gas chromatograph
equipped with a 1079 injector that had been fitted with the
ChromatoProbe kit allowing thermal desorption of the trapped
volatiles (Dötterl and Jürgens, 2005; Dötterl et al., 2005b). A
quartz microvial was loaded into the probe, which was then
inserted into the modified GC injector. The injector split vent
was opened (1/20) and the injector heated to 40 °C to flush any
air from the system. The split vent was closed after 2 min and
the injector was heated at 200 °C/min, then held at 200 °C for
4.2 min, after which the split vent was opened (1/10) and the
injector cooled down. A ZB-5 column (5% phenyl polysilox-
ane) was used for the analyses (60 m long, inner diameter
0.25 mm, film thickness 0.25 μm, Phenomenex). Electronic
flow control was used to maintain a constant helium carrier gas
flow of 1.8 ml/min. The GC oven temperature was held for
7 min at 40 °C, then increased by 6 °C/min to 250 °C and held
for 1 min. The MS interface was 260 °C and the ion trap worked
at 175 °C. The mass spectra were taken at 70 eV (in EI mode)
with a scanning speed of 1/scan from m/z 30 to 350.
To determine the percentage amount of each compound, the
peak areas were determined by using Varian MS workstation
6.8. Known amounts of different terpenoids, fatty acid
derivatives, and benzenoids (six compounds in total, see Dötterl
et al., 2005b) were injected, and the mean response of these
compounds was used to determine the total amount of scent
emitted. Scent samples from inflorescences were compared with
samples from non-flowering stems. Compounds which were
emitted from green parts of the plants were excluded from the
analysis. A semiquantitative analysis on percentage amounts of
floral compounds was performed to determine differences and
similarities in scent bouquets among the five species.2.2.2. Analysis of solvent samples
The compounds of the solvent samples were identified by
injecting 1 μl each in an Agilent Technologies 7890A Series
GC System connected to an Agilent Technologies 5975C Mass
Selective Detector (Agilent Technologies, Santa Clara, USA)
and fitted with a HP5MS fused-silica capillary column (30 m
long, inner diameter 0.25 mm, film thickness 0.25 μm, Agilent
Technologies, Santa Clara, USA). Conditions were as follows:
inlet pressure 67.5 kPa, transfer line 300 °C, and electron
energy 70 eV. The GC was programmed as follows: 5 min at
40 °C increasing at 3 °C/min to 320 °C. The carrier gas was
helium at 1.2 ml/min.
2.2.3. Semiquantitative analysis
To determine the differences and similarities in scent
bouquets among the five species, we performed statistical
analyses with the 35 headspace samples analysed by thermal
desorption. Percentage amounts of floral compounds were used
to perform principle component analyses (PCA; varimax
rotation). The resulting principle components (PCs) with an
eigenvalue above one were used for discriminant function
analyses (DFA). The standardised discriminant function
coefficients and the factor loadings after varimax rotation
were used to assess the importance of individual compounds.
We considered a compound to have a high factor loading if the
loading was above 0.6. The standardised discriminant function
coefficients and the factor loadings after varimax rotation were
used to assess the importance of individual compounds. For all
statistical calculations, we used SPSS 13.0 (SPSS GmbH,
Munich, Germany).
2.2.4. Compound identification
The GC–MS data were processed using either the Saturn
Software package 5.2.1. or Agilent Chemstation software.
Component identification was carried out using the NIST 08
and the Essential oils mass spectral data bases and confirmed by
comparison of retention times with published data (Adams,
2007; Joulain and König, 1998). Identification of individual
components was confirmed by comparison of both mass
spectrum and GC retention data with those of authentic
standards available in our compound collection.
(Z)-3-Nonenal was synthesized from commercially available
(Z)-3-nonen-1-ol by oxidation with pyridinium dichromate
(Corey and Schmidt, 1979) for 3 h in dichloromethane at 0 °C.
The low temperature avoided rearrangement of the compound
into the more stable 2-nonenal.
2.3. Colour analyses
The diffuse spectral reflection of the corollas of E. vulgare,
E. plantagineum, E. italicum, P. maculatum and A. officinalis
was recorded from 300 nm to 700 nm using a Varian Cary 5
UV–Vis–NIR Spectrophotometer (Varian, Inc, Palo Alto,
California). Mean reflection was calculated from three repli-
cates of each species. Barium sulphate was used as a white
standard.
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upon the spectral reflection, the loci of each corolla colour in the
colour hexagon according to Chittka (1992). The position of the
colour loci show how bees perceive the corollas through their
ultraviolet, blue and green photoreceptors and through furtherTable 1
Average percentage and absolute amount (Mean ± SE) of floral scent compounds (lis
presence (+) or absence (−) of compounds emitted by green parts identified in E. pl
E. plantagineu
Sample size of floral scent samples N=9
Absolute amount of floral scent trapped per inflorescence [ng/h] 64.13±41.58
Fatty acid derivatives
(Z)-3-Nonenal a 0.77±0.56
(Z)-3-Nonen-1-ol a 3.73±1.50*
(E)-2-Nonenal a 1.98±1.25
(Z)-3-Hexenyl tiglate 0.22±0.17
Aromatic compounds
Methoxybenzene a 0.13±0.12*
2-Phenylethanol a 1.32±0.91
Methyleugenol a 2.52±0.56*
Quinone
1,4-Benzoquinone a 0.08±0.08
Monoterpenes
3-Thujene 4.32±1.60
(E)-β-Ocimene a 75.84±6.36
γ-Terpinene a 3.03±1.60
4-Terpineol 4.85±0.84*
Sesquiterpenes
α-Copaene a −*
cis-α-Bergamotene −*
Sesquiterpene 1 0.17±0.14
Sesquiterpene 2 tr*
Sesquisabinene B −*
(E)-β-Farnesene a tr
Acoradiene b −
β-Curcumene −*
β-Sesquiphellandrene tr*
Sesquiterpene 3 0.07±0.04
Hexahydro farnesyl acetone a 0.93±0.82*
Unknowns
Unknown 1 −
Unknown 2 tr
Compounds emitted by green parts of the plant species
(Z)-3-Hexen-1-ol a +
Hexan-1-ol a +
Fatty acid derivative 1 −
Fatty acid derivative 2 −
1-Octen-3-ol a −
(Z)-3-Hexenyl acetate a +
3,6-Nonadien-1-ol +
(Z)-3-Hexenyl butyrate a +
(Z)-3-Hexenyl isovalerate a −
(Z)-3-Hexenyl valerate +
Hexyl isovalerate +
Sesquiterpene 4 +
Sesquiterpene 5 −
(E)-β-Caryophyllen a +
trans-α-Bergamotene +
α-Humulene a +
ar-Curcurmene +
*: significant difference (Pb0.05) compared to A. officinalis (Mann–Whitney U-Te
a Identification based on authentic standards.
b Unknown isomer.processing of receptor signals in the central nervous system
(Raine and Chittka, 2007).
Hexagon distances were calculated as Euclidean distances
between the loci of the colour stimuli themselves and between
the loci of the colour stimuli and the locus of the uncolouredted within classes in order of retention times; tr = trace amounts (b0.05%)) and
antagineum, E. italicum, E. vulgare, P. maculatum, and A. officinalis.
m E. italicum E. vulgare P. maculatum A. officinalis
N=5 N=8 N=5 N=8
5.91±1.39 8.16±3.36 432.69±117.27 6.16±2.08
0.27±0.17 1.70±0.66* − −
0.82±0.56* 3.18±1.40* tr −
2.67±1.83* 4.69±1.32* 0.11±0.07 0.61±0.38
0.40±0.20 0.13±0.12 0.02±0.01 0.06±0.05
−* −* 0.09±0.08* 3.92±0.51
3.43±1.48 5.48±2.45 0.25±0.16 2.51±0.73
tr* −* −* 0.44±0.12
6.51±3.39* 11.24±3.81* − −
0.18±0.18 − 0.95±0.66 1.57±0.33
59.19±3.72 59.27±8.65 89.33±2.72 79.37±2.98
0.16±0.16* 0.53±0.25* 0.76±0.38* 2.80±0.72
− − tr* −
−* −* 0.15±0.08* 1.16±0.47
1.03±0.62 1.80±0.72 0.21±0.04* 0.65±0.14
2.04±1.43 1.76±0.74 0.08±0.04 0.29±0.08
1.16±0.30 1.86±0.58 0.10±0.03* 0.66±0.22
0.22±0.22 −* 0.20±0.06* 1.37±0.22
2.33±1.83 0.50±0.25 4.18±1.06* 0.47±0.14
0.54±0.11* 0.86±0.36* 0.09±0.03* −
0.08±0.08* 1.41±1.32 2.58±1.13 1.09±0.33
tr* 0.19±0.17 0.47±0.12 0.47±0.09
0.14±0.14 0.06±0.04 0.14±0.05 0.36±0.12
−* 5.12±5.12* 0.07±0.04* 1.96±1.33
18.38±7.99* − − −
0.44±0.31 0.20±0.16 0.19±0.10 0.23±0.12
+ + + +
+ + + +
+ + − −
+ + − −
+ + + +
+ + + +
+ + + +
+ + − +
+ + − +
+ + − +
− − − +
− + + +
+ − + +
+ + + +
+ + + +
− + + +
+ + + +
st, Benjamini–Hochberg correction).
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constant reflection (Chittka, 1992). The reflectance function of a
typical green leaf was used as background colour (Chittka et al.,
1994). Furthermore, we employed a standard daylight irradi-
ance spectrum D65 (Wyszecki and Stiles, 1982). Typically,
bees do not differ substantially in their sensory systems (Peitsch
et al., 1992) and therefore we used the spectral sensitivity
functions described for the honeybees as a representative
approximation for H. adunca (Chittka and Kevan, 2005). The
colour hexagon is separated in six different colour sectors
representing the different bee colours, i.e. UV, UV-blue, blue,
blue-green, green, UV-green (Chittka et al., 1994).3. Results
3.1. Comparison of floral scent
In the GC–MS analyses we identified 42 compounds, among
them fatty acid derivatives, aromatic compounds, one quinone,
as well as mono- and sesquiterpenes (Table 1). Most of them
occurred in both Echium/Pontechium and Anchusa. Some of the
compounds were emitted from green parts of the plants and
excluded from the comparison of floral scent bouquets between
Echium/Pontechium species and A. officinalis.
A PCA based on the relative proportions of the 25 flower-
specific compounds produced eight PCs with an eigenvalue
above one, explaining 85.3% of the total matrix variance. In a
DFA, the scent samples of A. officinaliswere separated from the
samples collected from Echium/Pontechium species performed
with the calculated factor scores of eight PCs (f1: Χ²=134.0,
df=32, Pb0.001; f2: Χ²=75.3, df=21, Pb0.001) (Fig. 2). The
first function, which explained 58.1% of the variance separated
E. italicum and E. plantagineum from the other samples, and
function 2, which explained 28.5%, separated A. officinalis from
all Echium/Pontechium species. In the classification, 88.6%
of all samples was classified correctly (E. plantagineum: 88.9%,function 1
fu
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Fig. 2. Comparison of floral scent bouquets of different Echium/Pontechium species (
a discriminant function analyses based on the percentage amount of 25 floral scentE. italicum: 100%, E. vulgare: 62.5%, P. maculatum: 100%, A.
officinalis: 100%). The standardised canonical discriminant
function coefficients and the factor loadings showed that the
differences between the Echium/Pontechium species were
mainly in the percentage amounts of unknown compound 1,
which occurred only in E. italicum, and of 3-thujene and
γ-terpinene, which were found in higher percentages in E.
plantagineum (percentage amounts see Table 1). Methoxyben-
zene, sesquisabinene B and α-copaene were mainly responsible
for the differences between A. officinalis and the other Echium/
Pontechium species (DFA: factor loading higher than 0.8).
These compounds occurred in higher percentage amounts in A.
officinalis than in Echium/Pontechium and were even absent in
some Echium/Pontechium species. Function 2 of the DFA was
also described by percentage amounts of 1,4-benzoquinone, (E)-
β-ocimene, (Z)-3-nonen-1-ol, (E)-2-nonenal, (E)-β-farnesene,
and the unknown sesquiterpene 3 (DFA: factor loading between
0.6 and 0.8). (E)-β-Ocimene was the main component in all
Echium/Pontechium species as well as in A. officinalis, although
there was some variability in percentage amounts among
species. 1,4-Benzoquinone and (Z)-3-nonen-1-ol were absent
in A. officinalis. However, 1,4-benzoquinone was also lacking in
P. maculatum and (Z)-3-nonen-1-ol was only found in trace
amounts in that species. (E)-2-Nonenal occurred in all studied
species, but mainly in E. plantagineum, E. vulgare and E.
italicum. (E)-β-Farnesene and unknown sesquiterpene 3 were
present in all species (with only trace amounts of (E)-β-
farnesene in E. plantagineum). (Z)-3-Nonenal and acoradiene
had less influence in function 2 of the DFA, but were absent in A.
officinalis and occurred at least in three Echium/Pontechium
species.3.2. Comparison of floral colour
The comparison of the corolla colours in the colour hexagon
showed that the colour loci of all Echium/Pontechium speciesE. vulgare
E. plantagineum
E. italicum
P. maculatum
A. officinalis
86
E. vulgare, E. plantagineum, E. italicum, and P. maculatum) and A. officinalis in
compounds (Table 1).
E (U) E (G)
E (B)
E. vulgare
E. plantagineum
E. italicum
P.   maculatum
A. officinalis
centre
blue
UV-blue
UV
UV-green
green
blue-green
Fig. 3. Comparison of corolla colours of different Echium/Pontechium species (E. vulgare, E. plantagineum, E. italicum, and P. maculatum) and A. officinalis in the
colour hexagon.
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group at the intersection of the bee colour categories blue and
UV-blue (Fig. 3; Table 2). The corolla of E. vulgare, P.
maculatum and A. officinalis was bee-UV-blue and the corolla
of E. plantagineum and E. italicum bee-blue. The colour locus
of A. officinalis had the greatest distance (0.32 hexagon units) to
the hexagon centre. The other distances to the centre ranged
between 0.07 and 0.24 units. Interspecific distances varied
between 0.07 and 0.26 units.
4. Discussion
Flowers of different Echium and Pontechium species are
characterised by a unique floral scent that differs from the closely
related non-host A. officinalis. The corollas in hosts and the non-
host, however, are coloured similarly. The oligolectic bee H.
adunca could use these floral cues to find and recognise its host
plants and differentiate it from non-hosts. It is important for newly
emerged, foraging-naïve females to locate their exclusive
Echium/Pontechium host plants on their first foraging trips.Table 2
Colour category (bee colour) and distances between colour loci of E. vulgare, E. plan
in the colour hexagon.
Colour loci Bee
colour
Colour distance (hexagon units) bet
E. plantagineum E. italic
E. vulgare UV-blue 0.16 0.19
E. plantagineum Blue 0.11
E. italicum Blue
P. maculatum UV-blue
A. officinalis UV-blueAttracting females of H. adunca to host flowers was
suggested to be based either on a bouquet or on specific single
compounds (Burger et al., 2010), and our study reveals that the
examined host–plants emit both a specific bouquet of scent and
also highly specific scent compounds. Although the composi-
tion of floral volatiles was in general very similar between the
host Echium/Pontechium and the non-host A. officinalis,
percentage amounts of the compounds 1,4-benzoquinone, (Z)-
3-nonen-1-ol and (E)-2-nonenal were characteristic for the scent
bouquet of Echium/Pontechium and might be a specific cue for
H. adunca to recognise host plants. (Z)-3-Nonen-1-ol and (E)-2-
nonenal are described as floral volatiles in several families of
seed plants (Knudsen et al., 2006). These substances are
unlikely to indicate highly specific pollinator interactions.
However, the variation in their relative abundances can present
flower-visiting animals species-specific scent bouquets.
1,4-Benzoquinone, which was not described as flower scent
before (Knudsen et al., 2006), but is known as a common
defence compound (e.g. Schildknecht and Holoubek, 1961) and
also as an attractant (e.g. Ruther et al., 2001) in beetles, may betagineum, E. italicum, P. maculatum, and A. officinalis corollas, and to the centre
ween colour loci
um P. maculatum A. officinalis hexagon centre
0.07 0.14 0.24
0.11 0.17 0.18
0.12 0.26 0.07
0.17 0.17
0.32
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specific cue might be (Z)-3-nonenal, which also is described for
the first time as flower scent (Knudsen et al., 2006). (Z)-3-
Nonenal is a known fruit odour of Curcurbitaceae (Beaulieu and
Lea, 2006; Kemp et al., 1974; Yajima et al., 1985), occurs in
algae (e.g. Boonprab et al., 2003) and mosses (Stumpe et al.,
2006), and it is a compound in the cuticle of the parasitic wasp
Ampulex compressa (Goller, 2008). However, we could not find
these specific substances in all Echium/Pontechium samples and
species. Analysis of floral scent samples which are trapped from
more inflorescences might reveal whether these compounds are
indeed absent or were below the detection limit of the GC–MS.
In future studies, it is necessary to determine which compounds
constitute the actual signals and have a function in pollinator
attraction and which are historical or biosynthetic artefacts or
have other functions (Raguso, 2001).
Several oligolectic bee species, among them H. adunca, use
olfactory cues for host–plant finding/recognition (Burger et al.,
2010; Dobson and Bergström, 2000; Dötterl et al., 2005a;
Dötterl and Schäffler, 2007). However, there is also evidence
that visual cues or a multimodal set of floral cues are involved
(Burger et al., 2010; Dobson and Bergström, 2000). Specifically
colour plays an important role for females of H. adunca to find
potential host plants. Behavioural experiments have demon-
strated that the bees, prior to recognising host flowers by scent
cues, are generally attracted to bee-blue or bee-UV-blue
coloured flowers.
Although it is likely that H. adunca was able to distinguish
between the colours of E. vulgare and A. officinalis flowers
(0.14 hexagon units; Dyer and Chittka, 2004; Dyer et al., 2008),
the bees did not use this colour difference to discriminate
Echium host plants from Anchusa non-hosts (Burger et al.,
2010). Therefore, we suppose thatH. aduncawould also not use
the colour difference between E. plantagineum or P. maculatum
and A. officinalis to discriminate hosts from non-hosts, because
these species differed to the same extent to A. officinalis as E.
vulgare did. Between the corolla colour of E. italicum and A.
officinalis there was a greater difference than between all other
species. This was mainly due to the distance to the hexagon
centre; A. officinalis had the greatest and E. italicum the
smallest one compared to the other species. E. italicum flowers
are difficult to detect against a background of leaves and indeed,
E. italicum plants are less attractive for H. adunca than E.
vulgare or E. plantagineum (Westrich, 1989). Similarly,
bumblebees prefer colours that produce a strong contrast to
the background (Lunau et al., 1996; Spaethe et al., 2001).
However, H. adunca females do not prefer A. officinalis over E.
vulgare (Burger et al., 2010), although the colours differed in
the contrast to the background, which suggests that a distinct
range of wavelengths (bee-blue or bee-UV-blue colour) is
overall more important than the contrast of a colour against its
background as soon the contrast is above a specific limit.
In conclusion, we were able to show that Echium/
Pontechium provides a specific scent bouquet that could act
as a recognition cue for H. adunca. The bouquet was mainly
separated from Anchusa due to different relative abundances of
common floral volatiles. We also identified compounds whichare unknown constituents of floral scent. One was (Z)-3-
nonenal, the other one 1,4-benzoquinone. Further, we demon-
strated that the corolla colours of Echium/Pontechium are not a
specific cue, but can indicate potential host flowers to H.
adunca bees. Although the corolla colours differed between all
species, they were grouped together in the bee colour categories
blue and UV-blue.Acknowledgements
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